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Abstract
Auger Electron spectroscopy (AES) has been used to study lithium segregation on Al-3.49wt%-Li alloy surface. In this
work, the surface atomic composition as a function of temperature was followed. In our previous works, the activation
energy of Li segregation has been determined experimentally being in agreement with the resulted theoretical value. In
this paper, one showed that the segregation energy of Li on the surface depends of the crystalline structure and of the Li
content in the Al-Li alloy matrix. β-AlLi phase on the alloy surface, used in the power sources for the propulsion of
electrical vehicles and for stocking energy, is obtained by progressive heating. We showed that the segregated lithium on
the alloy surface is reversible as a function of decreasing temperature and consequently β-AlLi phase is converted in α-
AlLi phase. On the other hand, the brutal heating of the sample drives to the conversion of the α-AlLi phase to β-AlLi
phase and stabilizes the surface towards other segregation; therefore the conversion of β-AlLi phase to α-AlLi phase is
irreversible.
© 2009 Elsevier B.V.
PACS: 64.70.Kd; 68.49.-h; 64.75.OP.; 68.35.Md
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1. Introduction
During this last decade the good electrochemical properties of Al-Li alloy, more attractive than that one of the
pure Li, have motivated several researchers [1,2] to develop new battery anodes used as power source for the
propulsion of electrical vehicles and for energy stocking in the power station. In this application area, during charge-
discharge cycles, the over-all electrode composition traverses two phase regions α and β . These regions are bonded
by a saturated solid solution of lithium in aluminum. The phases components are from 7% to 10%at.Li for α(Al-Li)
phase and from 48.5% to 54.5% at.Li for β (Al-Li) phase. The characterization of the reactions of Li with impurities,
the violent oxidation and the microanalysis of precipitates in Al-Li alloy have been studied using various analysis
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techniques [1,3-6]. In the recent papers [7,8], the surface atomic composition as a function of temperature on the
alloy surface has been followed by AES technique. The experimental segregation energy of Li has been calculated
and compared with theoretical values. The calculation showed that the segregation is qualitatively and quantitatively
explained by a combination of different segregation models. The segregation process of chemical elements was a
competition between the oxygen diffusion in bulk and segregation of Li and Al at the alloy surface.
Several methods are used to work out an Al-Li alloy anode. i) Electrochemical thin film deposit of Li on the Al
substrate ii) Li-Al powder of a porous anode containing 51at.%Li ( phase). iii) Elaboration of 0.5Al-0.5Li alloy
using a metallurgical method.
In this paper which is a continuation of our works [7,8] the enrichment in Li of Al-Li alloy surface is obtained by
segregation. The study is made on the same sample that one of the precedents works. The atomic concentrations on
the surface as a function of temperature have been followed by AES technique. One showed that the β-AlLi phase
can be obtained by a progressive heating and the segregation reaction is reversible; therefore with decreasing
temperature up to ambient temperature, the sample surface goes back to α phase., the brutal heating of the alloy, on
the other hand, drives to the conversion of α phase to β-AlLi phase and stabilizes the surface towards other
segregation of Li.
2. Theoretical study
2.1. Impurity
In order to explain the segregation behaviour of various binary solutions, M. Guttmann [9] has developed a
model that takes into account the interaction of alloying elements (solute) (M) and impurity atoms (I). The value of
the preferential interaction coefficients between the various atoms is used to explain the evolution of the
segregation. The preferential interaction coefficient between I and M is expressed by:
0
2
0
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0
2,32 OLiOAlGΔ , are the enthalpies of mixing of the intermetallic compound. If β > 0 (greater than 0), there is an
attractive interaction between M and I. The segregation energy of Li increases with the superficial concentration of
O. If β < 0 (smaller than 0) the interaction between Li and oxygen is of repulsive type; the element which will have
the most strong tendency to segregate will pushed the other element towards the bulk.
2.2. Theoretical calculation of the segregation energy
In order to account for the different processes causing segregation, different contributions to the free enthalpy
term should be considered. Theoretically we start with,
)(),()( 000 strGidsolGsegG Δ+Δ=Δ (2)
ΔG0 (sol,id) is the free energy of adsorption (for an alloy in an ideal solution). It is a purely chemical parameter
which is linked to the exchange interaction of the components. Different approaches have been considered in the
literature. This term can be directly calculated from sublimation enthalpies. F.F.Abraham et al. [10] and C. Creemers
et al. [11] have expressed it by the bond-breaking theory. Consisting in an ideal solution term [12],
ΔG0 (sol, id) = (ZIV/Z1 ) [EBB –EAAsub ] (3)
The bond energies EAA and EBB can be approximated from the sublimation enthalpies of the pure metals Eii = -
2Hiisub /Z1. HBBsub (38 kcal/mole) and HAAsub (76.81kcal/mole) are the heat of sublimation for each species
(respectively solute and solvent), Z1 the total number of first nearest neighbors for a bulk atom and Z1V the number
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of first nearest neighbor atom in the vertical direction with the atom centers on one side of the plane of interest for a
bulk atom.
The second term, ΔG0 (str), of the expression (2) is related initially generated by segregation of minority atoms
embedded in the matrix of the reconfigured host lattice. It can be approximated by the expression of the form:
ΔG0 (str) = (16/3)πGA r A3 [(rB/rA ) - 1]
2 (4)
GA is the shear modulus of the solvent and rA and rB are respectively the atomic radii of the solvent and the pure
solute. GAl = 2.5. 1010 N.m-2 , rAl= 1.58 A°, rLi = 1.71 A°. The atomic radii are calculated from Seitz formula.
Friedel [13] has approximated ΔG0 (str) by the following expression:
ΔG0 (str) = -24πKLi rLi (rLi –rAl )2 GAl rAl /(3KLi rLi +4GAl rAl ) (5)
where KLi (KLi = 0.116 .1011 Nm-2 ) is the bulk modulus of the pure solute.
From the formula (4)
ΔG0 (str) = -1.6 kcal/mol
and from the formula (5)
ΔG0 (str) = -0.29 kcal/mol
The segregation energy depends on the crystallographic plane considered. In the case of body centered cubic
symmetry, the minimum segregation (in absolute value) is obtained on the (110) plane [11]. ΔG0 (sol, id)
corresponding to the minimum segregation has been calculated for Li bcc (110), Z1 =8 and ELiLi = 9.5 kcal/mol; for
Al fcc(111), Z1 =12 and EAlAl = 12.8 kcal/mol. Al fcc (111) corresponds to maximum of desorption for the solvent
[12]. And for Al-Li bcc (110), Z1 /Z1V =0.25
From the formula (3):
ΔG0 (sol, id)min = -0.825 kcal/mol
ΔG0 (sol, id) corresponding to the maximum segregation has been calculated, for bcc (111) and Z1 /Z1V =0.5. The
values of Eii are the same that ones calculated in the case of the minimum segregation.
ΔG0 (sol, id)max = -1.65 kcal/mol.
From the formula (1) and taking into account of two values of ΔG0 (str), ΔG0 (seg) takes four values:
ΔG0 (seg)min1 = -0.29 –0.825 = -1.115 kcal/mol
ΔG0 (seg)min2 = -1.6 –0.825= -2.425 kcal/mol
ΔG0 (seg)max1 = -0.29 –1.65 = -1.94 kcal/mol
ΔG0 (seg)max2 = -1.6 –1.65 = -3.25 kcal/mol
The theoretical value to be considered is imposed by the most acceptable agreement in respect with the
experimental data obtained from AES spectra.The segregation energy takes into account the alloy crystalline
structure. Cu-Be alloy, for example, having another crystalline structure (cfc), see recent work [14,15], the used
analytical model for to approach the experimental values was different. ΔG0(sol,id) has been calculated using
sublimation enthalpies of the alloy components.
3. Experimental procedure
The apparatus was a scanning Auger microprobe, of RIBER Type, equipped with a cylindrical mirror analyzer
(CMA). The experimental conditions and the sample tested are given in [7,8]. The sample tested was an industrial
alloy of Al-3.49%wt.Li (Al-12%at.Li) alloy of size (5X5X0.2 mm). Trace constituents (in weight percent) are Zn,
0.004%; Cd, 0.002%; Ni, 0.001%; Fe, 0.012%. The bulk composition of the sample has been determinate by atomic
absorption. Next the sample was mounted on a sample holder, which could be heated up to 1000°C while the
temperature was measured with chromel-alumel thermocouple. After that, the sample was first bombarded during 20
minutes at 600 eV with argon ions at room temperature into the preparation chamber. After pumping of residual gas
up to 10-9 torr, the sample is transferred into the analysis chamber. All the spectra are plotted after equilibrium
conditions have been reached.
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4. Results and discussion
4.1  phase by progressive heating
The study is made on a clean surface of oxidized Al-Li alloy. The surface atomic composition as a function of
temperature at the alloy surface is depicted in Fig. 1. The details of Auger analysis are given in the reference [7]. At
ambient temperature, the KVV (41 eV) transition of Li, the LVV (51 eV) transition of oxidized aluminum (Al2O3)
and the KVV (507 eV) transition of oxygen are detected (Fig. 1(a)). The atomic concentrations (Fig.1(b)) relative to
Auger lines located at 41 eV, 51 eV and 507 eV are respectively 9%, 19% and 72%. This oxygen value explains the
shifting of oxidized aluminum peak towards low energy (51 eV). Noting, at ambient temperature Li diffuses quickly
towards the bulk. Very few of Li remains on the surface. Auger peak located at 41 eV is an overlapping KVV and
LVV transitions respectively of oxidized Li and Al. However, Auger peaks located at 51 eV and 507 eV are
characteristic respectively of the oxidized aluminum (Al2O3) LVV transition and of the oxygen KVV transition. The
concentrations correspond so to α-Al phase. From 350°C, the concentrations ratio (Al/Li) is equal to 1. The alloy
components content are approximately 50at.%Al and 50at.%Li. Some authors [3,4] evaluated the Li content in the β
phase between 48.5%at.Li and 54.5%at.Li which is expected to be activated between 400°C and 450°C, for a clean
alloy. In the case of this sample, β phase has been obtained at 350°C as a result of Li segregation on the strongly
oxidized surface.The alloying elements (Al, Li) are very reactive with oxygen and are known for their thermo
dynamical stability. The surface is covered by (Li2O) lithium and (Al2O3) aluminium oxides. The heats of formation
of these oxides and Eq. (1) permit to calculate . This one is found equal to -243.7 kcal/mol using -378 kcal/mol and
-134.3 kcal/mol values respectively as heat of formation of Al2O3 and Li2O [16].  is smaller than zero. Interaction
between Li and oxygen is so repulsive. The element, which has the strong tendency to segregate push the other
chemical element to bulk. That is what we see in fig. 1. Oxygen contributes so to Li segregation therefore to  phase
formation at a temperature (350°C) lower than that expected.
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(b)
Fig.1 (a) Spectrum of Al-Li alloy at ambient temperature, (b) Atomic concentrations on the alloy surface as a function of increasing temperature
After to have heated up the sample to 450 °C, we processed in the reverse order of temperature. Fig. 2 represents
the atomic concentrations on the alloy surface as a function of the progressive decreasing temperature. The atomic
concentrations relative to Alox /Liox , Al and O are respectively 10%, 25% and 65%. These values are near to initial
concentrations found on the surface of the sample at ambient temperature. The concentrations evolution shows that
the Li segregation is reversible. α phase is obtained after to have stabilized the sample at ambient temperature. The
difference in atomic concentrations in comparison with initial state of the sample (before heating) is due to the
amount of oxygen removed at high temperature. We notice that the two alloy components are very oxidizable and
that Li diffuses very quickly in bulk at low temperature. The concentration 10% is calculated from Auger peak
characteristic of the transition located at 41 eV. At low temperature and in an environment of a great amount of
oxygen this Auger peak is characteristic of an overlapping of Liox (KVV) and Alox(LVV) transitions which have
shifted to low energy after a strong oxidation. 2.5% only among 10% represents the concentration in Liox The
analysis of these oxides has been detailed in our precedent work [8]. The ratio 2.5%at. corresponds to less than
10%at.Li on the surface. The ratio is in agreement with the phase diagram of Al-Li alloy.
Fig. 2 Atomic concentrations on the alloy surface as a function of progressive decreasing temperature
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4.1.  phase by brutal heating
The sample used previously has been cleaned by ionic bombardment during 55 minutes at ambient temperature
under an argon pressure of 4. 10-4Torr.The surface sample is characterized by peaks located at 43 eV, 62 eV and 507
eV energies corresponding respectively to the KVV Auger transition characteristic of Li2O, the LMM transition
characteristic of aluminum partially oxidized and the KVV transition characteristic of oxygen are detected. The
concentrations ratio Li/Al is equal to 0.12. This one corresponds to 12%at.Li. It is the content of Li corresponding to
 phase.
Next the sample has been enriched by segregation under high vacuum and a brutal heating at 390 °C. This is the
β phase formation temperature. The formation temperature in current usage found in the literature is 400°C
[17,18].The atomic concentrations on the surface as a function of time is given in Fig.3. The calculated
concentrations using peaks high are 26.26/% at. of Li, 26.26/% at. of Al and 46.48% at. for oxygen. The
concentrations ratio Li/Al is 1.024. It corresponds to 52.3% at.Li in comparison with Al concentration. This is β
phase. The ratio concentration is in agreement with the alloy phase diagram. The experimental segregation energy of
Li has been calculated by the following formula (6) [7-11],
]/)(exp[)/(/ 0 kTsegGXXXX bAbBsASB Δ−= (6)
XA and XB are the alloying elements and ΔG0 (seg) is the standard free enthalpy for the segregation reaction. The
subscripts b and s refer to bulk and surface respectively. The β phase formation enthalpy, using the concentrations of
the figure 3, bas been found equal to -2.36 kcal/mole. Noting that, this value is majored with an induced chemical
energy by oxygen located in the alloy matrix and segregated on the surface. The calculation method is that one used
in the references [7-8, 14-15]. One interprets so the difference between the theoretical value and the experimental
value in term of chemical energy, due to exothermic adsorption of oxygen, which reacts with the two components of
the alloy.
ΔG(chem) = ZB EBX θB + ZA EAX θA (7)
EIX is the heat of adsorption per bond for the adsorption of the gas phase component X with i. ZI is the surface
coordination number for the combination of surface atoms A with atoms X. θi is the fractional coverage of atoms i
by the component X. The chemical energy calculation from experimental results are developed in our works [7-
8,14-15]. It has been evaluated to 0.25 kcal/mol.
After deduction of the chemical energy, the segregation energy of the Li corresponding to the β phase is found
equal to -2.11 kcal/mole. This value is near, in absolute value, to ΔG0(seg)max1. The relation (5) was found as the
most appropriate to the resulted experimental data. However, this value is smaller than -6.97 kcal/mol, value found
in the literature [17]. This one has been performed at 415 °C and for a sample containing 40%at.Li. The disparity
between the two values is attributed to the Li content (40%at.Li). On the other hand, as the analyzed sample content
is 3.33 time less than that one of the reference [17] and as the Li thin film formed on the surface is proportional to
the Li content in the bulk and to the segregation energy of Li, the Li energies ratio also is 6.97/2.11= 3.303. The
ratio shows well that -2.11 is in accordance with J. Wein’s result [17].
The kenetic of β-AlLi phase has been followed (Fig.3). The Li and Al concentrations are relatively stable but
oxygen segregated from 10 mn and began to decrease after 25 mn of heating. In first the oxygen embedded in bulk
segregated and after 25 mn an amount of this one is removed. Li evaporates easily and very reactive with oxygen.
The time (in minute) and high temperature (390°C) can drive to evaporate an amount of Li under oxide form.
After that we processed to progressive drop in the temperature, the atomic concentrations on the surface keep the
same ratios. β phase is stable on the alloy surface. The segregation reaction is irreversible. The brutal heating drives
so to the segregation of a part of Li in the alloy grain boundary and therefore drives to “short-circuit” formation
which prevents the Li diffusion towards the bulk.
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Fig. 3 Concentrations evolution of β phase as a function of time
5. Conclusion
The segregation of Li on the Al-Li alloy surface has been followed as a function temperature. The calculated
experimental segregation energy of Li is in agreement with the theoretical results. It depends of Li content in the
alloy matrix. The β-AlLi phase of a great interest in electrochemical application has been obtained by progressive
and brutal segregation. The progressive segregation is reversible. However the brutal segregation is irreversible. The
latter is due to a great quantity of solute in the grain boundary. This one prevents all other segregation or diffusion
towards the bulk. The enrichment in Li of Al-Li alloy surface by segregation is possible but noting that Li
evaporates easily at temperature ranges more than 470°C. The small concentrations oscillations show that the kinetic
of β-AlLi phase, during long time, drive to remove oxygen and evaporate an amount of Li under oxide form.
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